The infections with herpes simplex virus type 1 and type 2 (HSV-1 & HSV-2) have been prevalent since the ancient Greek times. To this day, they still affect a staggering number of over a half billion individuals worldwide. HSV-2 infections cause painful genital herpes, encephalitis, and death in newborns. HSV-1 infections are more prevalent than HSV-2 infections and cause potentially blinding ocular herpes, oro-facial herpes and encephalitis. While genital herpes in mainly caused by HSV-2 infections, in recent years, there is an increase in the proportion of genital herpes caused by HSV-1 infections in young adults, which reach 50% in some western societies. While prophylactic and therapeutic HSV vaccines remain urgently needed for centuries their development has been notoriously difficult. During the most recent National Institute of Health (NIH) workshop titled "Next Generation Herpes Simplex Virus Vaccines: The Challenges and Opportunities", basic researchers, funding agencies, and pharmaceutical representatives gathered: (i) to assess the status of herpes vaccine research; and (ii) to identify the gaps and propose alternative approaches in developing a safe and efficient herpes vaccine. One "common denominator" among previously failed clinical herpes vaccine trials is that they either used a whole virus or whole viral proteins, which contain both pathogenic "symptomatic" and protective "asymptomatic" antigens/epitopes. In this report, we continue to advocate that using an "asymptomatic" epitope-based vaccine strategy that selectively incorporates protective epitopes which: (i) are exclusively recognized, in vitro, by effector memory CD4 + and CD8 + T EM cells from "naturally" protected seropositive asymptomatic individuals; and (ii) protect, in vivo, human leukocyte antigen (HLA) transgenic animal models from ocular and genital herpes infections and diseases, could be the answer to many of the scientific challenges facing HSV vaccine ‡
INTRODUCTION
In the current era of effective drug therapies, many of the maladies that struck down our ancestors have been eliminated. However, herpes simplex virus type 1 and type 2 (HSV-1 & HSV-2) infections, which have been prevalent since the ancient Greek times, still affect a staggering number of the world's population to this day [1] . Over a half billion individuals, between fourteen and forty-nine years of age, around the world are clinically affected by HSV-2 [1] . The sub-Saharan African populations are most dramatically afflicted, with up to 50% of women and 40% of men in some regions suffering from genital herpes (NHANES-2005 (NHANES- -2010 ). HSV-1 & HSV-2 infections cause a wide range of diseases throughout human life [1] [2] [3] [4] [5] [6] [7] [8] [9] (Fig. 1) . Globally, HSV-1 is much more prevalent than HSV-2 (CDC), causing significant morbidity especially among young adults in western societies, where up to 63% are sero-positive. Genital herpes is one of the most common sexually transmitted infections, with a higher prevalence in women than men. Recent immunoepidemiological evidence suggest that: (i) there is an increasing proportion of genital herpes cases associated with HSV-1 and (ii) the majority of infected individuals exhibit frequent and brief shedding episodes that are most often asymptomatic [10] and Fig. 2A . This nonapparent shedding likely contributes to high HSV transmission rates [10] . In the United States, there are 500,000 cases/year of oral herpes caused by HSV-1, 300,000 cases/year of genital herpes caused by HSV-1 and/or HSV-2, 20,000 cases/year of ocular herpes caused by HSV-1 and 1500 cases/year of herpes encephalitis [11, 12] . HSV-2, but not HSV-1, appears to be linked with a two-to three-fold increase of risk of HIV-1 acquisition [1] . In addition to causing painful blisters, HSV-2 can cause encephalitis and death in newborns from vertical transmission [1] .
The development of effective antiviral medications has had little discernible impact on herpes epidemiology [13, 14] . Meanwhile, the development of effective vaccines against herpes viruses has been notoriously difficult, largely because HSV-1 & HSV-2 have complex life cycles, and the majority of infections remain clinically dormant and silent (i.e. latent) in the body for long periods of time (Fig. 1 ). Of note, it is surprising that only one vaccine strategy (i.e. vaccination with glycoproteins B and D (gB and gD)) has been tested during the last 18 years in human trials to prevent genital herpes [15] [16] [17] . No other vaccine strategy and vaccine trial against ocular or oro-facial herpes have succeed to reach phase II or phase II for over a decade and half now. This by itself attests to the scientific and logistical difficulties facing HSV vaccine development. The latest failures of clinical herpes vaccines involving the employment of HSV-2 gD have brought on additional challenges in securing financial support from pharmaceutical companies for vaccine development and clinical trials [15] [16] [17] .
We strongly believe that the appropriate response to the recent "failure" of clinical HSV vaccine trials using whole recombinant HSV-2 gB and gD is to intensify our efforts and to not be discouraged as there is much work to do to increase our understanding of human herpes humoral and cellular protective immunity in order to develop and test novel vaccine approaches in reliable animal models, such as HLA transgenic mice, rabbits and guinea pigs.
A "common denominator" among previously failed clinical herpes vaccine trials is that they either used a whole virus or whole glycoproteins, which contain both protective "asymptomatic" antigens/epitopes and pathogenic "symptomatic" antigens/epitopes ( Fig. 2 and Fig. 3 ). We therefore continue to advocate our "asymptomatic" herpes approach through basic immuno-virology (reviewed in [9] ). This new approach is based on understanding the immune mechanisms by which seropositive asymptomatic individuals are "naturally" protected from recurrent herpes disease throughout their lives. The T cell-based immune system in the mucosa lining of the genital tract that prevents HSV-2 acquisition, and a better mucosal vaccine approach to boost effector memory T cell responses, we feel, will be instrumental to development of an effective HSV vaccine [1, 18] .
In the most recent workshop on "Next Generation Herpes Simplex Virus Vaccines: The Challenges and Opportunities" convened by the National Institute of Allergy and Infectious Diseases (NIAID) in Washington, DC, (October 22-23 rd 2012), the future of the HSV vaccine was discussed among basic researchers, clinicians, funding agencies, and pharmaceutical representatives [11, 12] (See the list of participants in Appendix A). The objectives were: (i) to assess the current status of herpes vaccine research, (ii) to identify the gaps in our knowledge, and (iii) to propose our best approach in developing the next generation of herpes vaccines.
Although much remains unknown about the protective immune effector of ocular, genital, and oro-facial herpes ( Fig. 1 and Fig. 2 ), improved knowledge of HSV immunoepidemiology, pathogenesis and host immunity should help guide new vaccine strategies for disease prevention and control.
GOALS FOR NEXT GENERATION HERPES VACCINES
The first set of questions in a clinical trial often concerns the indications for a successful HSV vaccine -the endpoint, and the goal of vaccination -to reduce herpes disease, shedding, and transmission.
α. Prophylactic and therapeutic vaccines
As with vaccines against any infectious pathogen, the goals that must be achieved with a prophylactic herpes vaccine are often different from those of a therapeutic herpes vaccine. Prophylactic vaccination, given to non-infected individuals, aims to prevent future initial infection. Therapeutic vaccination, given to already infected individuals, aims to reduce both viral shedding and/or ameliorates/eliminates recurrent diseases. One simple and straightforward approach to evaluate the efficacy of a candidate prophylactic vaccine is to look for sero-conversion (i.e. the presence of serum IgG or saliva, tears, or vaginal secretion IgG/IgA specific to herpes proteins). In contrast, therapeutic vaccination would be much more difficult, since the goal of reducing shedding and disease to statistically significant levels may be difficult to attain. While HSV-2 has traditionally been the main target for genital herpes vaccination, expanding coverage to HSV-1 has also become important due to its high prevalence in younger populations, particularly in western societies [10] . Recent immuno-epidemiological evidence points to an increasing proportion of genital herpes cases associated with HSV-1 [10] . Because of structural and sequential overlapping between the proteins and epitopes of HSV-1 and HSV-2, an ideal vaccine against HSV-2 will also protect against HSV-1.
β. Therapeutic vaccine to prevent shedding vs. a therapeutic vaccine to cure the disease: endpoints and public health benefits When considering the goals of therapeutic herpes vaccine development, several potential obstacles in measurement of endpoints become apparent. Namely, how much reduction in shedding is required to reduce transmission? While the default target is currently around 30% to 40% reduction in shedding, there appears to be no epidemiological data to support this assumption. Additionally, monitoring transmission rates with statistically significant results would require a much larger cohort of volunteers and hence a more expensive and difficult clinical trial study to analyze, compared to measuring sero-conversion on an individual basis. In an attempt to help monitor transmission rates, the Corey group recently proposed the use of several surrogate markers of protection reported in their recent antiviral drug clinical trial [19] . These surrogate markers of protection, in addition to the current approach of only measuring shed virus, may prove to be useful in determining vaccination trials endpoints. Nevertheless, a therapeutic vaccine that would control recurrent herpes disease (in contrast to one that aims to control HSV transmission) would still be relatively more achievable and the results more testable, since it would require a much smaller sample size and a much smaller cohort of volunteers. This is especially true if the candidate therapeutic vaccine is to be tested in a population from the sub-Saharan region where the prevalence of genital herpes disease remains high (e.g. Kenya where 20 % of women are affected by genital herpes) [20] . In other words, a positive effect of a therapeutic vaccine candidate would be much more easily identified in such a populations and the study would have required fewer individuals.
A therapeutic herpes vaccine aimed solely at the reduction of the disease symptoms --without reducing viral shedding --would be less beneficial for overall public health, resulting in an acceleration of herpes epidemic over time. Recent immuno-epidemiological evidence indicates that asymptomatic, frequent and brief shedding episodes likely contribute to high HSV transmission rates [10] and Fig. 2 . Therapeutically vaccinated individuals with no apparent herpes symptoms would continue to shed and spread the virus. Therefore, a therapeutic vaccine against herpes symptoms would be a vaccine that masks the disease rather than eradicating the roots of the disease. Nevertheless, an endemic population may still benefit from a therapeutic vaccine that reduces shedding and disease even if the virus continues to circulate among that population (i.e. herd immunization). Therefore, a therapeutic vaccine against herpes disease that would reduce symptoms is viable in endemic populations but it is less desirable in general populations. Although it would be practically difficult to assess whether an immunotherapeutic vaccine did indeed prevent shedding of the virus, since it would require a larger sample size of some 5,000 to 10,000 sero-positive individuals, a therapeutic vaccine capable of preventing virus reactivation from latency and viral shedding in the body fluids (e.g. vaginal secretions, tears and saliva) should nevertheless be the target of the next immunotherapeutic vaccine trials for these reasons.
χ. Does sero-conversion correlate with shedding and vice versa?
A challenge for herpes vaccinologists is to determine whether or not the degree of seroconversion (quantitative HSV-specific IgG/IgA antibodies) will correlate with the amount of viral shedding. Alternatively, does the amount of shedding proportionally correlate with the titer of developed HSV-specific antibodies? Can a vaccinated individual shed the virus without sero-converting? Is it possible that a seropositive individual will not shed the virus? The guinea pig model of genital herpes shed some light to these questions [21] .
δ. Neonatal herpes vaccine
Many women receiving obstetric care in the United States are infected with HSV-2, with their newborns particularly susceptible to neonatal infection, permanent brain damage, birth defects and death [22, 23] . Neonatal herpetic infection is defined as the infection within 28 days of birth that results from transmission of the virus from the mother to the newborn [24] . The risk of vertical transmission (i.e. passage of virus from mother to newborn) is highest among women who have newly acquired HSV-2 in the genital tract (i.e. women naturally infected during the third trimester of pregnancy) and who were otherwise seronegative [25, 26] . This risk of transmission is increased 300 fold if vaginal shedding occurs at the time of delivery [27] . The overwhelming majority (~85%) of infections are perinatally transmitted to newborns in the birth canal [25, 26, 28] . The outcome of mother-to-infant HSV-2 vertical transmission and neonatal infection is determined by the interplay of virus and maternal/ placental immunity [29, 30] . Because vertical transmission of HSV leads to considerable morbidity and mortality (with HSV-1 causing more than 51% of neonatal herpes), the use of a preventive vaccine is highly desirable. In a large cohort of over 40,000 pregnant women, Richard Whitley and co-workers recently showed that most cases of neonatal herpes resulted from primary infection during pregnancy [23, 31, 32] . This study highlights the importance of preventing neonatal herpes, and brings up more questions: Which quality and what quantity of maternal antibodies are necessary to prevent placental transmission of the virus to the newborn? How long must the transmitted antibodies remain in the newborn in sufficient concentration to prevent infection and disease? What is the role of maternal T cells in preventing vertical transmission?
ROLE OF ANIMAL MODELS IN HERPES SIMPLEX VACCINE

DEVELOPMENT
Reliable animal models of herpes infection and disease are the key to the development of an effective therapeutic vaccine against HSV-1 and HSV-2. In an ideal animal model: (i) the infection would be initiated via a mucocutaneous route similar to that in which humans are commonly infected, i.e., inoculation of the ocular, oro-facial or genital mucosal epithelium; (ii) a small proportion of the animals would develop clinical disease similar in both pathology and severity to those seen in the minority of symptomatic humans, (iii) a large proportion of the animals, would develop immune responses after infection that would protect the animal from the disease, similar to those seen in the majority of asymptomatic humans ( Fig. 2A) . In these "asymptomatic" animals the immune response can be scrutinized to determine which aspects are important for protection, including innate, humoral, and/or cellular immune responses. The "symptomatic" animals, which cannot spontaneously control the pathogen, provide a situation for the investigation of potential protective immune responses through immunization. Immune responses could then be elicited through parenteral mucosal immunizations and the quality and quantity of those responses would be analyzed before and after inoculation of the pathogen and the immunogen. If immunized animals are protected from infection and/or disease, and the unimmunized animals are not, then the immune responses can be further scrutinized to determine the important aspects for protection. Although there is no perfect animal model that emulates HSV infections and disease in human, both rabbits (for ocular HSV-1) and guinea pigs (for genital HSV-2) are being used for the development of therapeutic herpes vaccines and each model has its own strengths and weaknesses.
During the past decades, several vaccine candidates have shown promising protective results in animal models (mostly mice) but they, unfortunately, have not been effective in clinical trials [33, 34] . Of note, the recent recombinant gD vaccine that failed in clinical trials was successful in animal models [21, [33] [34] [35] . This indicates that we must re-evaluate our animal model pre-clinical models to advance herpes vaccines candidates to clinical trials [36] . The development of appropriate and reliable animal models is an important step in the development of vaccines and immunotherapies against any human diseases. As we recently reviewed in [37] , one challenge in herpes simplex vaccine development relates to the reliability of currently used animal models and the derived pre-clinical results needed to advance the vaccine into phase I clinical trial. Some clinical herpes immunologists are currently hesitant about using the mouse model in pre-clinical development of therapeutic vaccines because mice do not adequately mimic spontaneous viral shedding or recurrent symptomatic diseases, as occurs in human. Alternatives to mouse models are rabbits and guinea pigs in which reactivation arises spontaneously with clinical features relevant to human disease. Current consensus among many herpes vaccinologists is that pre-clinical animal models can provide relevant information to the design of the next clinical vaccine approach if the endpoint of the pre-clinical vaccine trial in animal models (both immunogenicity and protective efficacy) is set to be similar to the clinical trial. In order to gain useful data, however, current animal models must be improved to simulate the disease process and progression that occurs in humans.
α. Mouse models of herpes infection and disease
Because of the obvious ethical and practical considerations in assessing candidate herpes vaccines directly in humans, finding a species that would be the most appropriate animal model remains critical. For most immunologists, mouse models appear to be the preferred due to the availability of: (i) unlimited inbred and transgenic strains; (ii) specific immune molecule knockout strains; and (iii) the well-characterized immunological probes to study the immune response to specific therapies. In that perspective, the majority of preclinical studies are evaluating HSV vaccine efficiencies on mouse models. Unfortunately, in contrast to humans, recurrent HSV shedding and recurrent herpetic disease do not occur in mice because spontaneous reactivation of HSV is either extremely rare or does not occur in mice [38] . Therefore, although mouse studies have provided ample crucial information regarding immune response against primary HSV-1 and HSV-2 infections (reviewed in [37] ), the efficacy of human epitope-based therapeutic vaccines against recurrent shedding and disease cannot be assessed in mice. Several clinical trials have been carried out based on mice data, but almost none have led to clinical success. HSV infections in the murine model preclude its use to study horizontal or vertical transmission or to evaluate strategies designed to prevent reactivation. The lack of an accurate animal model that translates human immune responses and diseases, certainly limits the proper preclinical assessment.
One advantage of mice is the availability of human leukocyte antigen (HLA) transgenic mice that can develop immune responses to human HLA-restricted CD8 + T cell epitopes. In fact, we have recently used HLA transgenic mice to study the immunogenicity and protective efficacy of several HLA-A*020-restricted epitopes against primary HSV-1 [39, 40] . We now have an HLA transgenic rabbit model (referred as HLA Tg rabbits), in which one major component of the rabbit immune system is replaced by the identical component taken from its human counterpart (i.e. HLA-A*0201 class I molecules). For this study we selected a strain in which the rabbit HLA class I expression was compromised and high levels of HLA-A*0201 molecules were expressed (See Fig. 1 and [41] ). The HLA Tg rabbit model is capable of mounting T cell responses specific to human CD8 + T cell epitopes and developing spontaneous HSV-1 reactivation. This will allow us for the first time to investigate whether immunization with human CD8+ T-cell epitopes can decrease HSV-1 spontaneous reactivation, and ultimately reduce or eliminate recurrent HSV-induced ocular disease in an appropriate animal model. There are several proposed ways in which such improvement can be made. We continue to advocate that using the HLA transgenic animal models is the ultimate answer to some of challenges facing pre-clinical testing of herpes vaccine. Among these animal models are: (1) humanized HLA transgenic guinea pigs for genital herpes, (2) using humanized HLA transgenic rabbits for ocular herpes.
Mice often provide good infection models as they are readily available in outbred and inbred lines, are relatively inexpensive, and have many immunological reagents available. Mice can be infected with HSV via several routes including footpad, flank, ocular, intravaginal, and each route has its own unique properties. HSV infection at any of these sites initiates localized viral replication, which leads to the development of lesions, establishment of latent infection within sensory neurons and persistence of latent viral DNA within local sensory ganglia and in some cases, central nervous disease. However, the reactivation of HSV from latent infection in mice is extremely rare in vivo making the mouse not a reliable model to assess therapeutic vaccines. While spontaneous reactivation of the virus from sensory ganglia and shedding of the virus in tears or in genital tract do not seem to occur in mice (as opposed to rabbits, guinea pigs and humans), reactivation of HSV from latent infection is readily observed in vitro when ganglia are explanted in culture [42, 43] . Therefore, the potential effect of vaccination against HSV recurrences in mice can be inferred from the levels of latent viral DNA within neurons [44] , as these measurements correlate with the number of ex vivo recurrence rates in mice [45] [46] [47] . HSV reactivation in mice can be induced to a limited extent by ultraviolet irradiation [48] or elevated temperature [49] or hormone [50] . Furthermore, mice develop a wide range of innate, humoral and cellular immune responses against HSV that are readily measured with the many commercially available immunological reagents. Evidence suggests that both humoral and cellular immune responses can protect mice from HSV infection [37] . In most cases, passive transfer of HSV-specific antibody can prevent encephalitis but not reduce mucosal replication [47, 51, 52] . Both CD4 + and CD8 + T-cell responses appear to play a role in protection from infection or reduction in levels of viral replication, latent viral loads and neuropathy, although CD4 + T-cells appear to be the most important in protecting mice against corneal infection [47, 52] and intravaginal infection [53] .
The mouse genital infection model is derived from Parr et al. [54] where female mice are treated with medroxyprogesterone to thin the genital epithelium lining and make the mice uniformly susceptible to HSV-2 vaginal infection. These mouse models have been useful for vaccine studies where one can quantify: (i) the levels of acute viral replication; and (ii) the levels of latent viral loads within the ganglia of sensory neurons that enervate the site of infection. Through these analyses, immunization can reduce viral shedding, latent viral loads, and encephalitis in a dose-dependent manner [55] .
β. The guinea pig model
Guinea pig is currently the gold standard for studying genital HSV-2 infection and disease by many researchers because HSV-2 infection in guinea pigs shares many features similar to humans. Intravaginal inoculation of HSV-2 into guinea pigs leads to acute replication and disease at the site of infection, establishment of a latent viral reservoir within the enervating sensory neurons, and periodic reactivation leading to viral shedding and even recurring disease as detected by visible lesions [47, 56] . The development of both acute and recurrent disease provides the opportunity to test both the prophylactic and the therapeutic effects of potential vaccines in guinea pig model. Infected animals develop immune responses that consist of both humoral and cellular immunity [37] . Due to the paucity of immunological reagents for the guinea pig, the full range of immune effector mechanisms is not known, but humoral immunity seems to be sufficient for protection in the guinea pig genital herpes model because passive immunization [47, 57] and subunit vaccines are protective [33, 47, 58] .
χ. Generation of human leukocyte antigens transgenic guinea pigs
Preclinical genital herpes vaccine experiments in animal models that use human leukocyte antigen-(HLA-) restricted human T cell epitopes are unfortunately limited to prophylactic vaccines in HLA transgenic mice because there is currently no animal model of recurrent genital herpes that can mount specific T cell responses to HLA-restricted human epitopes (Fig. 3) . Like other mice, our HLA transgenic mice do not have recurrent herpes. Guinea pigs have been used to study infection and immunity against genital herpes and share many common genetic diseases with humans. Genital HSV infection in the guinea pigs generated genital herpes disease symptoms that are similar to humans and hence this model will be extremely useful for pre-clinical development of a therapeutic vaccine [58] [59] [60] [61] [62] [63] [64] [65] . However, there are still potential challenges that need to be addressed: such as that the genital tract in guinea pigs may differ from that of a human's. Progress in genital herpes vaccine has been hindered because the tools necessary to undertake a complete immunological analysis of the guinea pig's cellular immune response against HSV-1 and HSV-2 have been lacking. Although a guinea pig is presently considered the gold standard model for pre-clinical studies of recurrent genital herpes, there are no HLA transgenic guinea pigs available. Development of "humanized" HLA transgenic guinea pig models has long been awaited, due to the technical challenges including: (a) longer gestation times (60-75 days) relative to that of mice (20-30 days); (b) smaller average litter sizes (4 vs. ≥7); (c) limited numbers of litters/ year (5 vs. 10); (d) difficulties in obtaining fertilizable eggs; (e) restraints due to the unavailability of embryonic stem cells, thus no transgenic guinea pigs have been generated; and (f) limited availability of monoclonal antibodies to guinea pigs cell surface antigens, cytokines and cell lines. However, in recent years, (i) physical and chemical delivery methods of naked plasmid DNA directly by spermatogonium, before the sperm can be detected, has provided a powerful tool and opportunity to generate guinea pigs; (ii) many guinea pig's specific reagents have been characterized in more detail, and are available either commercially or directly from the labs that produced them. We are currently applying, in collaboration with Francina Langa-Vives from Pasteur Institute (Paris), a new transgenic technology to generate an HLA transgenic guinea pig model, over-expressing the human HLA-A*0201 and HLA-DR molecules. This "humanized" animal model would serve as a valuable research model to: (i) speed up pre-clinical development of successful T-cell based vaccines against many infectious pathogens and diseases including genital herpes disease; (ii) duplicate T cell immunity in humans; and (iii) help development of assays that would predict protective immunity against many infectious diseases. The aim of this proposal is to develop HLA-A*0201 and HLA-DR transgenic guinea pigs, characterize the expression pattern of the human HLA-A*0201 and HLA-DR and study its effect on the generation of CD4 + and CD8 + T cell responses against genital herpes human epitopes, recently discovered in our laboratory (Fig. 3). δ. HLA transgenic rabbit model of ocular HSV-1 and latency for studying the therapeutic efficacy of HLA-restricted CD8 + -T cell epitopes-based vaccines in suppressing HSV-1 spontaneous reactivation HSV-1 infects the cornea and then establishes latency in sensory neurons of the trigeminal ganglia (TG). Sporadic spontaneous reactivation of HSV-1 from neuronal latency causes viral shedding in tears leading to a spreading of the virus to other individuals, and can also cause recurrent Herpes Stromal Keratitis (HSK), a blinding ocular disease. Ocular herpes is one of the more frequent causes of unilateral blindness in the United States with over 450,000 adults having a history of recurrent ocular herpes. Herpes infection is ubiquitous, with an estimated one third of the population worldwide suffering from recurrent infections, which cause thousands to become blind every year. A major gap in our current knowledge remains: "How can a vaccine prevent or significantly reduce virus shedding in tears and HSV-induced ocular disease due to spontaneous reactivation of latent virus in the TG?" HSV-specific CD8 + T-cells producing IFN-γ and granzyme B (GrB) appear to decrease in vitro induced HSV-1 reactivation in explanted mouse TG in a major histocompatibility complex-(MHC-) dependent manner [66] [67] [68] [69] . Unfortunately, the in vivo spontaneous HSV-1 shedding and the subsequent recurrent eye disease are extremely rare in mice [38] , so the relevance of these findings to in vivo HSV-1 spontaneous reactivation remains to be determined. Spontaneous HSV-1 reactivation occurs in rabbits [70] [71] [72] , and we now have a "humanized" HLA transgenic rabbit model of ocular HSV-1 that mounts "human-like" CD8 + T-cell immune responses (HLA Tg rabbits). We recently found that therapeutic immunization of latently infected HLA Tg rabbits with 3 human CD8 + T-cell epitopes from HSV-1 gD decreased spontaneous reactivation 4-fold (BenMohamed submitted). This will now allow us, for the first time, to test the hypothesis that appropriate T-cell responses to HSV-1 human epitopes recognized by "asymptomatic T-cells can decrease spontaneous virus shedding in eyes and HSV-induced ocular disease ( Fig. 1 and Fig. 3 ). To our knowledge, this novel HLA Tg rabbit model is the only animal model with spontaneous HSV-1 reactivation that can develop "humanized" CD8 + T cell responses to human HSV-1 epitopes. For better pre-clinical assessment of ocular herpes vaccines in the HLA Tg rabbit model we set up the endpoints to be similar to the endpoints expected in a clinical trial. Our data indicate that therapeutic vaccination of latently infected HLA-transgenic rabbits with asymptomatic lipopeptide vaccines bearing immunodominant human CD8 + T cell epitopes selected from HSV-1 induced strong CD8 + T cell-dependent protective immunity that significantly reduce spontaneous reactivation (shedding of HSV-1 in tears and HSV-induced recurrent eye disease (Submitted).
Similarities between rabbit and human eyes-From a practical standpoint, the sizes of a rabbit's cornea, conjunctiva and TG are significantly larger than those of mice and offer plentiful amount of tissues for in vitro characterization of T cell responses. In addition, compared to mice, the surface of the rabbit and human eye are relatively immunologically isolated from systemic immune responses [73, 74] . This may be because capillaries are only present in the outer 1 mm of the cornea, effectively isolating the central cornea in humans and rabbits (12-14 and 14-15 mm diameter corneas), while in mice (2 mm diameter cornea) circulating antibody and immune effector cells can rapidly diffuse from the peripheral capillaries into the central cornea (Figs. 1, 2, and 3 ). This may explain why a serum neutralizing antibody efficiently protects the mouse, but not the rabbit or human cornea, against ocular HSV-1. HSV-1 induced recurrent disease (i.e. HSK) is similar in HLA Tg rabbits (Fig. 2) and humans but differ in mice [73, 74] . In addition, rabbit conjunctiva associated lymphoid tissue (CALT) closely resembles that of humans CALT [73, 74] while the mouse differs [73] . Microanatomy and immuno-histological studies indicate that rabbit conjunctival mucosa is comparable to that of humans and has a typical follicular ultrastructure with an abundance of "conjunctival lymphoid follicles" (CLF), whereas no lymphoid tissue was identified in mice [73, [75] [76] [77] [78] .
Recently there are more readily available of immunological reagents to study rabbit immune responses. Although the state of the art in rabbit immunology still lags behind those of the mouse and human, several monoclonal and polyclonal antibodies specific to rabbit immune cell CD markers, cytokines and growth factors are now available commercially. In the past eight years we have dedicated a lot of effort in determining which reagents are useful for studying the rabbit immune system. We now have a tested panel of antibodies specific to the rabbit immune cells, allowing for the unprecedented opportunity to assess the induction of rabbit CD8 + T cells and their deployment in TG to decrease HSV-1 spontaneous reactivation, and ultimately reduce or eliminate recurrent eye disease. Anti-rabbit CD8 + T cell mAbs and human tetramers have already allowed us to analyze HSV-specific CD8 + T cell infiltrates in TG and conjunctiva of acutely infected HLA Tg rabbits [8] . Altogether, the striking similarities between HLA Tg rabbit and human in terms of HSV-1 infection and immunity suggests that the HLA Tg rabbit is a preferred model to study the role of CD8 + T cells in controlling spontaneous HSV-1 reactivation and recurrent HSK.
CHALLENGES IN HERPES IMMUNOLOGY: IDENTIFYING LIKELY IMMUNE CORRELATES OF "NATURAL" AND "ARTIFICIAL" VACCINE-INDUCED PROTECTION
Another challenge in herpes vaccine development is to determine the immune correlates of protection (e.g. role of antibody vs. cellular immunity and role of mucosal and innate immunity). Immune correlate of protection can emerge from natural history or from clinical trials. It is crucial to determine from a phase II trial the immune arms that correlate with protection in order for potential preventive and therapeutic vaccines to advance to phase III trials. This obviously involves studying the human immunology of HSV infection and disease. Bearing in mind that nature may be working towards better protection against herpes than humans do, we strongly believe that a good starting point for the development of an effective herpes vaccine would be to identify the protective immune mechanisms from "naturally" protected asymptomatic seropositive patients ( Fig. 2A) . Thus, our novel "asymptomatic herpes vaccine concept involves including "protective" "asymptomatic" epitopes in a herpes vaccine, and excluding the "symptomatic" epitopes that might be "pathogenic" and harmful (Fig. 3) .
Mapping of human "asymptomatic" and "symptomatic" T-cell epitopes would: (i) provide a better understanding of the immune responses that correlate with protection and; (ii) help to develop effective immunotherapeutic vaccine strategies against ocular, genital, and orofacial herpes. If those with a history of severe recurrent disease (i.e., symptomatic people) have a tendency to develop T cells that recognize a subset of epitopes (i.e., symptomatic epitopes) that differ from those recognized by T cells from asymptomatic people (i.e., asymptomatic epitopes), it would be logical to exclude those sets of symptomatic epitopes from vaccines on the grounds that they may enhance rather than diminish the recurrent disease (Fig. 3) .
Posovad et al., has reported T cells specific to HSV-2 IE protein antigen in seropositive asymptomatic individuals, the majority of which are CD4 + T cells [79, 80] . Immune seronegative individuals share a specific phenotype whereby the local immune response may be key for better recognition of the IE proteins, which in turn may be a potential target for vaccine development [79, 80] . Comparatively, CD8 + responses appear to be more beneficial for protection than CD4 + T cell response. It has also been reported that a high level of IL-15 (an anti-viral) correlates with protection against HSV-2 in humans [81, 82] . As expected, patients with severe disease, as indicated by multiple outbreaks of genital herpes, had weaker or no responses to these same proteins [83] . Rosenthal and co-workers recently reported a role of HSV-2 virions host shutoff (VHS) on innate immune sensing pathways in human vaginal epithelial cells [84] . They also found that VHS of HSV-2 is forty times more potent than VHS of HSV-1 CD8 + T cell suppression. Overall, their findings strongly suggest that HSV-2 VHS plays roles in selectively inhibiting TLR3, RIG-I/Mda-5, and TLR2-mediated antiviral pathways for sensing dsRNA and effectively suppresses IFN-β antiviral responses in human vaginal epithelial cells [84] .
Adding to herpes vaccine challenges, Knipe and collaborators isolated American and African strains of herpes and showed sequence variations that have led to concerns that a generic vaccine cannot produce sufficient coverage among all strains [47] . Similar comparison studies in sequence variations may be worth extending to other HSV strains. Sub-Saharan Africa is by far the most affected by the herpes epidemic with up to 80% woman and 50 % men afflicted with genital herpes; Asian populations have the lowest prevalence (NHANES-2005 (NHANES- -2010 . Hence, comparing the sequence variation of HSV-1 and HSV-2 isolated from these two continents may reveal information in specific viral genes that make the African strain more prone to reactivate and likely to cause significant disease than the Asian strains. Nevertheless, this simplistic viral concept does not take into account other variations in the immune system between those extreme situations such as the presence of various susceptible vs. resistant HLA alleles, as we recently reported [1] .
Our recent finding of "asymptomatic and "symptomatic" epitopes on gB and gD, as well as on VP11/12 and VP13/14, does not exclude the involvement of other herpes antigens/ epitopes in shaping T-cell-mediated protective or immunopathological responses (Fig. 3) . We are currently performing genome-based bioinformatics searches to identify new HSV-1 and HSV-2 epitopes presented by major HLA class I supertypes HLA-A*0201 (covering over 50% of the human population). A total of 20 HSV-1 and HSV-1 peptide T cell epitopes have been identified from the 84+ HSV open reading frames (ORF). Novel candidate immunodominant HSV CD8 + epitopes recognized by polyfunctional CD8 + T cells during control of infection were identified showing that the HSV-epitope/Ag repertoire for human CD8 + T cells is much broader than previously suspected (BenMohamed, unpublished data). Human HSV-specific CD8 + T cells appear to persist in the genital muco-cutaneous tissues, particularly in the epidermal-dermal junction [85] . It is now warranted to determine the phenotype of mucosal-resident "asymptomatic" CD8 + T cells that correlates with "natural protection" (i.e. T EM , T CM and T RM phenotype) (Fig. 2B) . Laser capture and array studies show that mucosal resident CD8 + T cells produce RANTES, TNF-α, perforin, granzyme B, and IFN-γ, demonstrating T cell activity in genital tract (GT) mucosal sites [85] . While CD8 + T cells appear to be critical for local control of those GT mucosal sites, their relevance in HSV acquisition is still unclear. With respect to the innate immunity, the dendritic cells are also critical in imprinting the homing of T cells to GT mucosal sites, the eye, and sensory dorsal root ganglia, creating a balanced, poly-functional CD8 + T memory cell population.
PARAMETERS FOR THE CLINICAL EVALUATION OF THE EFFICACITY OF HERPES VACCINE CANDIDATES
Among the questions to be asked during the clinical evaluation of a herpes vaccine are: What are the immunogenicity and the ultimate clinical targets to attain for a candidate vaccine to be called protective? What study design can be used for preventative and therapeutic vaccines? What are the best study populations? Other challenges concern the technical aspects of evaluating the immunological and virological results of the clinical vaccine study itself. These challenges include the lack of standardization of the immunological, virological and protective assays among research laboratories and pharmaceutical companies. This lack of standardization leads to difficulties in deciding which formulation among the currently developed vaccine candidates should be used, Hence, it is of priority to establish a peer-reviewed consensus or employ independent laboratories that would use standardized techniques to make objective recommendations.
Clinical responses (protection against disease vs. virus shedding) must be measured in phase III studies. Young adults of both genders are the target population for prophylactic vaccines with the clinical endpoint being reduction in severity of disease. As mentioned above, while the rate of sero-conversion may be monitored, whether or not the vaccine has an effect on the transmission rate could be difficult to assess, as reduction in shedding may not correlate with reduction in transmission. An ideal therapeutic vaccine should prevent shedding and/or recurrent disease as clinical endpoints. The ideal target of a therapeutic herpes vaccine would be the population living in endemic areas (e.g. sub-Saharan countries) suffering from frequent recurrent genital herpes (e.g. more than once a month) with the endpoint of reducing these recurrences. As mentioned above, Kenya, with 20% of its population affected by genital herpes, may benefit from a therapeutic vaccine. Nonetheless, there are still concerns that variations in HLA alleles [1] and variations of sequences between viruses can affect results when the same vaccine is tested in a different population, rendering the vaccine less efficacious in areas outside of the region in which the original vaccine trial is conducted.
CHALLENGES FROM THE VIEWPOINT OF THE PHARMACEUTICAL INDUSTRY
From the industry prospective, pharmaceutical companies have inevitably begun to raise doubts about herpes vaccines due to recent setbacks in vaccine trials [15] [16] [17] . The recent failures of clinical trials, using a recombinant glycoprotein D (gD), have brought in additional challenges in securing funding for herpes vaccine research including financial endorsement from pharmaceutical companies for expensive clinical trials. This brought additional challenges related to the regulatory, licensing, and marketing processes. Many pharmaceutical companies are now assessing their vaccine portfolio much more aggressively with requests for additional epidemiological studies and, in some cases even for positive results from a phase I clinical trial, before further investment. Unlike larger pharmaceutical companies, small start-up companies with limited resources that are pursuing a new herpes vaccine often need to evaluate the process of "de-risking the program" more aggressively. For better pre-clinical assessment of candidate vaccines in animal models, the targeted endpoints must correlate to the endpoints expected in clinical trials.
The most recent clinical herpes vaccine (Herpevac Trial) contained envelope HSV-2 gD used with the goal that it would stimulate a protective antibody-mediated response and prevent the virus from establishing an infection. However, in this randomized, double blind clinical trial involving 8,323 women, the vaccine failed to reach its primary endpoint, which is reduction in occurrence of genital herpes disease from either HSV-1 or HSV-2. While there was modest reduction in HSV-1 genital disease, there was no reduction in genital disease caused by HSV-2. The results, recently published in The New England Journal of Medicine [15] , continue to be puzzling given the promising results of the same vaccine in previous, smaller clinical trials [16, 17] . Early tests of the gD vaccine suggested that it protected more than 70% of the women against HSV-2 while demonstrating minimal response in men [16, 17] . Belshe attributes the disparity of protection between men and women to differences in genital tract (GT) anatomy -for example, the greater mucosal surface in female GT compared to the male allows secretion of greater amounts of protective IgG and IgA protective antibodies. However, it is likely that the higher level of Th1 responses, which are consistently detected in women compared to men, may account for these gender differences. There also appears to be differences in the parameters of the vaccine trials. Early studies tested the vaccine in uninfected partners from discordant couples (whose partners are positive for HSV-2). This larger trial sponsored by the Londonbased pharmaceutical firm GlaxoSmithKline (GSK) and the US NIAID, enrolled uninfected women regardless of the status of their partners. This, according to Belshe, may also account for the different results [15] . It is likely that the uninfected partner, in the discordant couples, has developed a yet-to-be-determined natural partial resistance to infection and/or disease. If so, that partial resistance could have contributed the "effectiveness" of the vaccine in the earlier trial [16, 17] .
What can we learn from the Herpevac study? We believe further collaboration between basic research laboratories, such as obtaining samples from the GlaxoSmithKline (GSK) Herpevac vaccine trial to better characterize the protective vs. non-protective (or maybe even pathogenic) immune responses, would also be instrumental in proposing alternative vaccine strategies to advance the development of the next generation of herpes vaccine.
While some pharmaceutical companies are more reluctant in investing in the development of herpes vaccine, others maintain their foothold in the field. Sanofi-Pasteur, the vaccines division of Paris-based drug maker Sanofi, is working on licensing a vaccine candidate from Knipe's laboratory that is based on a whole live virus (HSV-2 dl5-29) genetically rendered incapable of replication [11] . Last year, Amgen, a biotechnology firm based in Thousand Oaks, California, purchased a small company named BioVex of Woburn, Massachusetts, that is testing a different vaccine strategy that uses live, weakened HSV-2. Both vaccines are still in the early stages of testing, and, if successful, may take years to obtain FDA approval. A subunit vaccine containing secreted gD2, and truncated ICP4, which was identified as a CD8 + T-cell antigen through a high-throughput proteomic screening method showed efficacy against infection and recurrent disease in the guinea pig model [83] , and is currently being tested with Matrix M-2 new adjuvant in a Phase I/IIa trial as a therapeutic vaccine in men and women (ages 18 to 50 years) with documented genital HSV-2 genital infection (NCT01667341). Among the questions that remain to be answered are: How can we minimize the risk of failure in choosing a herpes vaccine candidate moving from pre-clinical studies to phase I, II and III for clinical trials? Which animal model should we use in preclinical studies?
The recent findings that different sets of HSV epitopes are recognized by T cells from symptomatic versus asymptomatic individuals might lead to a fundamental immunologic advance in vaccine development against herpes infection and/or diseases ( Fig. 2 and Fig. 3 ). An efficient immunotherapeutic herpes vaccine would include only the protective (asymptomatic) T-cell epitopes and exclude the pathogenic (symptomatic) epitopes. The lack of an appropriate animal model with a humanized immune response (HLA-Tg) and spontaneous HSV reactivation from latency has stalled the preclinical development of an immunotherapeutic vaccine against the virus. To our knowledge, the recently developed HLA Tg rabbit model is the only animal model with spontaneous HSV-1 reactivation that can respond to humanized T-cell epitopes, and thus can be used for human vaccine development. Finally, newly introduced needle-free mucosal (i.e., topical ocular and intravaginal) lipopeptide vaccines provide an unprecedented strategy against ocular and genital herpes.
There is much work to do to increase our understanding of human herpes humoral and cellular protective immunity and to test novel vaccine approaches in reliable animal models, such as HLA transgenic mice, rabbits and guinea pigs. A good starting point for the development of an effective herpes vaccine would be to identify the protective immune mechanisms from "naturally" protected asymptomatic seropositive patients. Thus, our novel "asymptomatic herpes vaccine concept involves including "protective" "asymptomatic epitopes in a herpes vaccine, and excluding the symptomatic epitopes that might be "pathogenic" and harmful ( Fig. 2 and Fig. 3 ).
CONCLUSIONS
• In the current era with effective anti-viral therapies, many of the maladies that struck down our ancestors have for the most part been eliminated. However, a staggering number of the world's population still lives with many infectious pathogens including, HSV-1 & HSV-2 that cause a wide range of diseases throughout their life. Over a half billion individuals, between fourteen and fortynine years of age, around the world are infected with HSV-2 alone. Despite the urgent need, the development of effective vaccines against herpes viruses has been notoriously difficult, largely because HSV-1 & HSV-2 have complex life cycles, and the majority of infections remain latent in sensory neurons, away from the immune system control, for the lifetime.
• The latest failure of clinical herpes vaccines involving the employment of the envelope recombinant gD has brought on additional challenges in securing financial support from pharmaceutical companies. Despite these setbacks, we continue to advocate our "asymptomatic" epitope-based herpes approach through basic immuno-virology ( Fig. 2 and Fig. 3 ). This new approach is based on understanding and harnessing the immune mechanisms by which seropositive asymptomatic individuals are "naturally" protected from recurrent herpes disease throughout their life. Fundamentally, it is means to elicit a T cell-based responses in the mucosa lining the genital tract to prevent HSV-2 acquisition, and the development of a better mucosal therapeutic vaccine approach to boost effector memory T cell (T EM cells) responses (Fig. 2B ).
• Most investigators prefer to use mice as the animal model because there is many well characterized probes commercially available to study the mouse immune response and the inbred transgenic knockout mouse strains are readily available. However, there are two concerns regarding mouse models compared to other models: (i) HSV-1 spontaneous reactivation is either extremely rare or does not occur in mice [38] in contrast to rabbits where spontaneous reactivation occurs at levels similar to that of humans; and (ii) although induction of a systemic immune response (e.g. neutralizing antibody) or a passive transfer of CD8 + T cells can protect the mouse, it does protect humans against ocular herpes disease [2-4, 37, 39, 86]. Such differences make herpes vaccine candidates, developed based on mouse pre-clinical studies, difficult to extrapolate to humans. Thus, although mouse studies have provided much useful and important information regarding ocular HSV-1 infection and immunity and despite the tremendous knowledge about mouse immunology in general, the mouse is not an ideal model for the pre-clinical study of protective immunity against herpes.
• There has been a tendency to ignore differences in herpes infection and immunity between mice and humans. This leads to a risk of overlooking aspects of human herpes infection and immunity that do not occur, or cannot be modeled, in mice. Persistent effort on developing herpes therapeutic vaccines using mice as the preclinical model may therefore not be the best approach. Currently, rabbits and guinea pigs are alternative to mice as animal models for pre-clinical testing of ocular and genital herpes therapeutic vaccine candidates, respectively. We hope that the newly introduced HLA transgenic rabbit model (and the HLA transgenic guinea pigs currently being developed in our lab) with spontaneous reactivation and recurrent herpes disease, in addition to their ability to mount "human-like" T-cell responses to HLA-restricted CD8 + T-cell epitopes, will help elucidate some of the questions raised during the preclinical phase of herpes vaccine development. These two animal models (i.e. HLA Tg rabbits and HLA Tg guinea pigs) will help to address the following two major questions: (i) Can spontaneous herpes shedding and recurrent ocular or genital disease be reduced by induction of a vigorous "protective" HSV-specific CD8 + T cells in the sensory ganglia specifically induced by "asymptomatic" epitopes? and (ii) Conversely, can recurrent herpetic disease and spontaneous shedding be exacerbated by "pathogenic" CD8 + T-cells induced by "symptomatic" epitopes?
• From the industry prospective, pharmaceutical companies have inevitably began to raise doubts in herpes vaccines due to recent setbacks in vaccine trials that have hindered further progress. We strongly believe that the appropriate response to the recent "failure" of clinical HSV vaccine trials using one or two HSV glycoproteins with adjuvant is to continue evaluate alternative approaches. There is much work to do to improve our understanding of human herpes humoral and cellular immunology and to test novel vaccine approaches in reliable animal models, described previously, in order to improve the preclinical demonstration of safety, immunogenicity and protective efficacy profile of future clinical vaccine candidates. Although much remains unknown about the immune effector(s) that protect against herpes infection and disease, improved knowledge of HSV immunoepidemiology, pathogenesis and host immunity should help guide new vaccine strategies for herpes disease prevention and control.
• The lessons learned from past vaccine clinical trials must serve as a stimulus for new strategies, study designs, and endpoint determinations. Further collaboration between basic research laboratories, such as obtaining samples from the GlaxoSmithKline (GSK) vaccine trial to better characterize the protective (asymptomatic) vs. non-protective (pathogenic or symptomatic) immune responses, would also be instrumental to making strides.
• Among other challenges concerning the technical aspects of herpes vaccine development include the lack of standardization of the immunological and protective assays among research laboratories and pharmaceutical companies, which leads to difficulties in deciding which currently developed vaccine candidate is of high priority. A peer-reviewed consensus on standardization of laboratory techniques would therefore be necessary to make recommendations objectively. CD8 + T-cells isolated from HLA-A*0201-matched symptomatic (n = 4) and asymptomatic patients (n = 16) were stimulated with autologous DC that were pulsed with 10 µg/ml of the indicated gB peptide for 5 days. The number of IFN-γ-producing CD8 + T-cells specific to each gB epitope was determined by IFN-γ-ELISpot assay in duplicate.
